Commonly used drugs for the treatment of colon cancer patients like CPT-11 shows severe side effects or induces resistance in clinical settings. Thus, we analyzed a combination of PLK1 (polo-like kinase 1)-specific short hair RNA (shRNA), a potent tool to destroy mitosis in cancer cells, together with CPT-11 to enhance drug sensitivity. Cellular proliferation and apoptosis were determined in SW620 colorectal carcinoma cells. Knockdown of cellular PLK1 led to the decreased mRNA and PLK1 protein in RT-PCR and western blot assay. The viability declined (p<0.001) in MTT assay and colony formation assay, and the number of apoptotic cells was clearly increased (p<0.01) in flow cytometric analysis and Hoechst 33258 staining compared with control cells after incubation with PLK1-specific shRNA and SN-38. We found the level of cleaved PARP was also increased in vitro. In vivo, employment of shRNA targeting PLK1 improved the sensitivity to treat SW620 nude mouse model toward CPT-11. The combination therapy inhibited cellular proliferation and promoted apoptosis observed at the percentage of PCNA and caspase3 by immunohistochemistry, accompanied with TUNEL assay. As we expect, the combination treatment delayed tumor growth (p<0.01) and simultaneously reduced tumor weight (p<0.01) compared with control group. Taken together, combination of PLK1-specific shRNA interference with low-dose CPT-11 triggered a antitumor efficacy and represented a potential strategy to treat colon cancer.
PLK1, a serine/threonine kinase, is the best characterized among polo family. A key cell cycle regulator was over-expressed in various human tumors, but the expression of PLK1is very low or undetectable in most other adult tissues [1] [2] [3] . Thus, PLK1 is a potentially important therapeutic target. Evidence from a study showing that over-expression of PLK1 in NIH3T3 fibroblasts transformed the cells, stimulate the cells to grow in soft agar and form tumors when injected into nude mice [4] . So far, the feasible approach is to explore Plk1 inhibitor blocking its function on the cell cycle progression or the antitumor drug target including small molecules, antisense oligonucleotides, small interference (si)RNA and so on [5] [6] [7] . It was reported that down-regulation of PLK1 expression or function could inhibit cell proliferation, advance apoptosis, sensitize the tumor cells to the antitumor agents and inhibit tumor growth in mice [8] [9] [10] [11] [12] [13] [14] [15] . Wonderfully, RNA interference is an effective strategy for gene silencing that directly transfected into tumor cells to knock down endogenous gene expression [6] .
CPT-11, a water-soluble derivative of camptothecin, has broad anti-tumor activity and is a promising anti-cancer drug in clinical trials [16, 17] . SN-38, a metabolite of CPT-11, is responsible for anti-tumor activity [18] . CPT-11 monotherapy or in combination with several chemotherapy drugs, has been approved as first-or second-line chemotherapy for the treatment of patients with colorectal cancer [19] [20] [21] [22] . CPT-11 has also proved anticancer activity against a variety of solid tumors in preclinical and clinical trials [23, 24] . But CPT-11-based schedules often cause severe side effects at a high dose including mainly delayed diarrhoea, hematopathy [25] . These questions usually led to discontinuous therapy, finally reducing the efficacy of therapy.
In the present study, numerous experiments are used to evaluate which is an optimal regimen to decrease toxicity and reduce dosage during chemotherapy. Interference (si)RNA is more specific and more potent under development which mediate post-transcriptional gene silencing [26] . The RNA interference technology as a promising approach is employed for target therapy. Meanwhile, plasmid encoded for the short hairpin RNA (shRNA) expression system is applied to silencing targeted gene due to its trait of cheap, easy to operate and effectiveness [8] .
In our study, we investigate plasmid expression short hairpin RNA (shRNA) targeting PLK1 combined with low-dose SN-38 to treatment with SW620 colorectal carcinoma in vitro and with low-dose CPT-11 to therapy SW620 xenograft nude model in vivo.
Materials and methods
Plasmids construction. Short hairpin (sh)RNA expression plasmids were designed based on the pGensil-2.4/U6 parental vector from Genesil Biotechnology Company (Genesil Biotechnology Company, Wuhan, China) and constructed by our lab. The PLK1shRNA contained a specific sequence to target human PLK1 mRNA (5'-CCT TGATGAAGAAGATCAC-3'). The control sequence, called KB, had no homology to any mammalian sequence (5'GACTTCATAAGGCGCATGC-3'). The sequences were inserted into the pGensil-2.4/U6 vector to generate recombinant plasmids, were named pshPLK1 and pshKB, respectively.
Cell culture and transfection. The human Adenocarcinoma of Colon Cell Line SW620 was purchased from ATCC (Rockville, MD, USA). Cells were maintained as adherent monolayer in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 100U/ml penicillin and 100U/ml streptomycin in a humidified (37°C, 5%CO2) incubator. 2×10 5 cells were plated into 6-well plates and allowed to adhere for 24 h. Cell transfection was performed using FugeneHD (Roche, Mannheim, Germany) according to the manufacturer's recommendation. 2 μg plasmid DNA (pshKB or pshPLK1) and 5 μl FugeneHD were diluted in serum-free DMEM, gently mixed, and then incubated at room temperature for 20 min before it was added into the cell cultures. Growth medium was used as a control agent. Cells were harvested at 72h after transfection for RT-PCR, western blot assays. All experiments were performed in three replicates.
Semiquantitative RT-PCR. The total RNA from tumor cells was extracted using TRIzol Reagent (Invitrogen, Grand Island, NY) according to the manufacturer's protocol. RNA concentration was measured by UV absorbance spectroscopy. The RT-PCR was performed with the isolated total RNA using one step RT-PCR kit (Takara, Japan). The GAPDH was amplified as an internal control. The sequences of PLK1 primers were PLK1-F: 5'-CGAGTTCTTTACTTCTGGCTAT-3'and PLK1-R: 5'-GGAGACTCAGGCGGT-ATGT-3' . RT-PCR conditions were as follows: reverse transcription for 30 min at 50°C and enzyme inactivation for 2min; amplification 25 cycles for 0.5 min at 94°C, annealing for 0.5 min at 55°C, and extension for 0.5 min at 72°C; followed by a terminal elongation for 10 min at 72°C. The RT-PCR products were checked by electrophoresis on a 1.5% agarose gel, imaged by Quantity one (Bio-Rad).
MTT assay. 4×10 3 cells per well were seeded into 96-well plates, allowed to adhere overnight. 24 hours after transfection with pshKB or pshPLK1, cells were treated with different concentration of SN-38(30, 60, 120, 240nM, sigma), MTT (Sigma, Poole, Dorset, England) solution was added 48 hours later. Then, the plates were incubated for 4 hours (37°C, 5% CO 2 ) to make the viable cells form formazan crystals what were dissolved in 40% SDS solution overnight. The absorbance was determined at wavelength of 570 nm. For analysis of cell viability, values were subtracted for background correction. Each assay was performed in triplicate.
Colony formation assay. To determine the effect on proliferation of pshPLK1 combination with SN-38 to SW620 cells, cells were treated with pshKB, pshPLK1, SN-38 or pshPLK1+SN-38(plasmid DNA 2 μg, SN-38 60 nM), untreated ones as a control. After 72 hours, the cells at a density of 1000 were seed into 6-well plates respectively. Incubated for 12 days (37°C, 5%CO 2 ), the cells were stained by crystal violet for 20 minutes and more than 50 cells as a colony. Each assay was performed on three replicates.
Flow cytometric analysis. To check pshPLK1 conbination with SN-38 on cell apoptosis, SW620 cells were added to 6-well plates at a density of 30% overnight. After treatment with pshKB, pshPLK1, SN-38 or pshPLK1+S for 72 hours (plasmid DNA 2 μg, SN-38 60 nM), the cells were harvested, then washed with PBS and resuspended in propidium iodide/RNase A solution, untreated cells as the control. The samples were evaluated by flow cytometry 30 min later. Each experiment was performed on three times.
Western bolt analysis. The transfected cells were directly fractured in RIPA lysis buffer (50 mM Tris-HCl; 150 mM NaCl; 1 mM EDTA; 1% NP-40; 0.25 % Na-deoxycholate; 1 mM Na3VO4; 1 mM NaF; 1 mM PMSF; 1 mg/ml aprotinin). And tissue proteins from each group were extracted after pulverized in liquid nitrogen and clarified by centrifugation at 10,000g for 30min and the supernatant was collected. Protein concentration was quantified with Bradford assay. The proteins were separated on 10% SDS-PAGE by electrophoresis and then transferred onto PVDF membranes (Millipore, Bedford, MA). After incubation in 5% nonfat milk for 1 hour at room temperature, the membranes were probed with specific antibodies overnight at 4°C. And after that the membranes were incubated with secondary antibodies for 1 hour at room temperature. The peroxidase-labeled bands were detected by enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Preparation of plasmid DNA: liposome complexes. The cationic liposome consisted of DOTAP (Alabaster, AL, USA) and cholesterol (St. Louis, MO, USA), mixed at a 1:1 molar rate in chloroform, and finally manufactured freeze-dried discoid. Before injection in vivo, the cationic liposome was dissolved in sterile water. After that, 25μg DOTAP: Chol and 5μg plasmid DNA were added into 5% dextrose solution sequentially to produce complexes. The forming mixture was incubated at room temperature for 30 min before administration into mice.
Tumor xenograft model and treatment in vivo. All the animal procedures were approved by the Institutional Animal Care and Use Committee of Sichuan University (Chengdu, Sichuan, China). 5×10
6 tumor cells were inoculated subcutaneously into female nude mice ( BALB/c , 5-6weeks of age). The mice bearing tumors around 80 mm 3 were selected and randomly assigned to five independent treatment groups (4 mice per group): (a) 5%GS (glucose solution), (b) pshKB, (c) pshPLK1, (d) CPT-11 (Hengrui medicine, Jiangsu, China), (e) pshPLK1 combination with CPT-11. The formed complexes were administrated into mice by tail vein injection thrice a week for four weeks. A week after initial pshPLK1/liposome complex treatment, CPT-11 (20mg/kg) was administered twice a week for 3 weeks also through tail intravenous injection. During treatment, tumor dimension was measured every 3 days, and tumor volume was calculated as follows: tumor volume = length× width 2 / 2. Total 4 weeks later, the mice were sacrificed. The peeled tumor tissues were weighted then fixed in 4% paraformaldehyde, finally paraffin-embedded for histology and TUNEL assay.
Immunohistochemistry. The expression level of PLK1, PCNA and Caspase3 were measured by performed with mouse anti-human PLK1 antibody (Millipore Biotechnology, Bedford, MA); mouse anti-human PCNA antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and Rabbit antihuman Caspase3 antibody (Abcam, Cambridge, UK) on paraffin sections. The slices were subsequently incubated with corresponding secondary antibodies, colored with DAB afterwards counterstain. The immunohistochemistry procedures were according to manufacturer's protocol. Five areas on each slice were randomly chosen and analyzed. All specimens were scanned at middle power magnification (×400).
In situ TUNEL assay for apoptotic cells. TUNEL assay was used to further detect apoptotic cells in tumor tissues according to the manufacturer's protocol (Promega, San Luis Obispo, CA, USA). The TUNEL-positive cells were monitored and imaged under the fluorescence microscope at middle power magnification (×200). For each treatment group, the number of apoptotic cells was counted in five randomly captured images.
Statistical analysis. SPSS 11.5 was used for statistical analysis. Data were analyzed statistically using one-way ANOVA followed by the Tukey test. A value of P<0.05 was considered significant.
Results
Specific knockdown of PLK1 in SW620 colorectal carcinoma cells in vitro. The pshPLK1 and the pshKB were transiently transfected into SW620 cells, respectively. The transfected cells were harvested at 72h, and the expression level of PLK1 was analyzed by RT-PCR and Western blot. As shown in Fig.1A and Fig.1B , the level of mRNA was decreased in pshPLK1 group, western blot analysis indicated suppression of PLK1 protein expression was observed in transfected pshPLK1 group compared with untreated group in SW620 cells. These results implicated pshPLK1 can specifically inhibit PLK1expression in SW620 cells.
The effect on cell proliferation and apoptosis in vitro. To examine knockdown of PLK1 enhancing cells sensitive to SN-38, we assigned blank, pshKB, pshPLK1, SN-38, pshPLK1+SN-38. MTT and colony formation were used to evaluate the effects of pshPLK1 and SN-38 on cell proliferation. After incubation for12 days, a decrease in the amount of colonies in SW620 cells was observed in combination treatment group correspondingly a appropriate decrease in pshPLK1 alone and SN-38 alone groups ( Fig.2A and 2B) . Also, MTT assay conforms to the results above. MTT results indicated SW620 cells proliferation in a time-and dose-dependent manner to SN-38. The pshPLK1 combined with SN-38 (60nM) is superior to the other concentration, considering the cytotoxicity of SN-38 and the effect on the cells (Fig.2C) . In summary, pshPLK1 combined with low-dose SN-38 could reduce the survival capacity of SW620 cells.
Apoptosis was evaluated by flow cytometry. SW620 cells were treated pshKB, pshPLK1, SN-38, pshPLK1+SN-38, untreated cells were the control. As shown in Fig.2D,  pshPLK1+SN -38 treatment later, the proportion of apoptosis was increased to 42.6% (blank 2.2%, pshKB 2.2%, pshPLK1 9.1%, SN-38 27.0%). These results revealed that pshPLK1 combined with low-dose SN-38 could induce greater apoptosis than the other two treatment groups, given an additive effect.
Antitumor effect and expression of PLK1 in vivo. Our experiments demonstrated that pshPLK1 efficiently inhibited cell proliferation and induced apoptosis of SW620 cells in vitro. Therefore, we further investigated the antitumor effect of pshPLK1 and low-dose CPT-11 monotherapy or combination in nude mice. Our findings showed that the combination group suppressed tumor volume (p<0.01) compared with control group. As shown in Fig.3A , either pshPLK1alone or CPT-11 alone also resulted in tumor growth inhibition, both p<0.01. Moreover, the tumor weight was weighed at the termination of animal experiment. Mean tumor weight in each group was as follows: 1.365±0.21g (5%GS group), 1.298±0.20g (pshKB group), 0.8125±0.13g (pshPLK1 group), 0.691±0.07g (CPT-11 group) and 0.3955±0.03g (pshPLK1+CPT-11 group) (Fig.3B) . Comparing with control group, combination treatment reduced the tumor weight (p<0.01).
To confirm that therapeutic effects were attributed to specifically down-regulate PLK1 expression rather than nonspecific reaction. Western blot and Immunohistochemistry were used to examine the expression of PLK1 in the tumor tissues. As shown in Fig.3C , the reduction of PLK1 protein expression was detected in pshPLK1 group and combination group. We also observed general decrease of PLK1 positive cells in treated with pshPLK1 groups; The tumors administrated with pshKB exhibited more PLK1 positive staining (Fig.3D) . These results showed there was no off-target effect in process of therapy.
The effect on cell proliferation and apoptosis in vivo. The PCNA staining was used to evaluate tumor cellular proliferation. As shown in Fig. 4A , the PCNA-positive staining cells reduced in tumors of the mice treated with pshPLK1 alone or CPT-11 alone compared with control group. The obviously reduction of PCNA-positive cells was observed in combination group (p<0.001) and there was no significant difference between 5% GS and pshKB groups. We used Caspase3 staining to measure the effect on apoptosis. As shown in Fig.4B, 5%GS and pshKB groups yielded almost no apoptosis responses in tumors. Treatment with pshPLK1 alone or with CPT-11 alone gave a general increase. Combination group led to tumors with high level of apoptosis (p<0.001). Also, we measured apoptosis by in situ TUNEL staining and similar results were given (p<0.001) (Fig.4C ). In conclusion, combination treatment is efficacy on anti-proliferation and on inducing apoptosis in SW620 tumor xenograft model.
To further evaluate the molecular mechanism of knockdown of PLK1 combined with SN-38 on cell proliferation and apoptosis, we finally examined the expression level of PCNA and cleaved PARP. After combination treatment, PCNA level was decreased more than these treated alone. Cleaved PARP was also sequentially increased (Fig.5) . 
Discussion
CPT-11 is widely employed to treat variety of human tumors in clinical treatment which is converted into the active metabolite SN-38 that possesses a much higher cytotoxicity against tumor cells in vitro [27, 28] . Its novel and unique mechanism of action involves inhibition of type I DNA topoisomerase (topoisomerase I) through the formation of stable topoisomerase I-DNA cleavable complexes [29, 30] . Although it is powerful to treat cancers, deficiencies often follow, such as resistance, delayed diarrhoea and so on. So, improving the sensibility of the drugs or to look for new targets is necessary in cancer care.
Previous studies demonstrate that PLK1 is over-expressed in some tumor types, which can be a potential target for cancer therapy. Several RNA interference approaches targeting PLK1 have been investigated and gained certain success in kinds of tumor types. Numerous evidences indicated PLK1 expression level was down-regulated in many tumor types by RNA interference, for instance, breast cancer, stomach cancer, head and neck squamous cell carcinomas, colorectal cancer and a panel of other human cancers [31] . Series of previous studies also suggested knockdown of PLK1 by synthetic siRNA could inhibit cell proliferation, and promote the sensibility of breast cancer cells [15] . RNA interference can be achieved through exogenous application of synthetic siRNA or endogenous expression using plasmid or virus vector. However, the safety of recombinant virus vectors must be considered. Meanwhile, chemically synthesized siRNA has been shown to have a short half-life. Previous evidences demonstrated that shRNA offers several important advantages over siRNA including high stability and lower immunity in vivo [32] . To increase intravenous DNA delivery, we also used DOTAP:Chol liposomes to form complexes with DNA, which resulted in enhanced expression of targeted genes in most tissues examined [33] . In our study, we employed PLK1-targeted shRNA to treat SW620 xenograft model for a week, later combined low-dose CPT-11. This combination strategy reduced the dosage of CPT-11, induced apoptosis, inhibited cellular proliferation and slows down the growth of tumors significantly.
Further we investigated the molecular mechanisms of down-regulation of PLK1 increasing the sensibility of cells toward SN-38. We suppose down-regulation of PLK1 may impact several other proteins and factors which interfere the stablity of tumor cells to make external pressure, such as SN-38, penetrate and lead to tumor cells death or downregulation of PLK1 increases expression of some proteins which just on the pathway SN-38 works. Since PLK1 regulates to assemble mitotic spindles, so silencing PLK1 may contribute to disturb the integrity of the mitotic apparatus and further lead to mitotic arrest [34] . This condition may facilitates SN-38 to exert cytotoxicity to kill tumor cells. Furthermore, apoptosis signaling pathways are refered. These pathways can be divided into two components involving the mitochondria pathway and FAS pathway [35] . The former involves the release of cytochrome c from the intermembrane space. The latter is mediated by death receptors. Both important protein families, BCL2 and IAP, are involved in apoptosis signal pathways. BCL2 family members (BAX, BAK, BAD and BID) promote the release of cytochrome c to make programmed cell death. Death receptors of the TNF family represents promising targets. Activated caspase8, downstream of TRAIL, amplifies the death signal by activating the mitochondria pathway through the BCL 2 family. This results in activating caspase9. Both caspase8 and caspase9 further activate downstream caspase3. Silencing PLK1 increases the activity of caspase3 and caspase7 and CPT-11 elevates the expression of caspase3 were reported [36] . So caspase3 is a joint which both PLK1 and CPT-11 function in SW620 tumor cells. Based-schedule in our experiments shows the expression of caspase3 is up-regulated in combination treatment group from immunohistochemistry. Cleaved PARP, a product cleaved by caspase3, was also increased in western bolt. So, our experiments indicated the inferences above, other mechanisms yet to be quested. Meanwhile, we investigated the enhanced apoptosis through flow cytometric analysis. Similarity was observed between the results of flow cytometric analysis and the activity of the cleaved PARP. In vivo, PCNA was analyzed by immunohistochemistry and apoptosis was analyzed by TUNEL assay, these expression levels are coincident with the results in vitro. All the results both of anti-proliferation and inducing apoptosis satisfied inhibition of tumor growth. We found the efficacy of combination treatment is more significant than treatment alone. The schedule not only decreases toxicity from CPT-11, but also achieves the efficacy comparing with other strategies
The advantages in our strategy are making SW620 cells sensitive to CPT-11, reducing the dosage of CPT-11 and overcoming resistance. Adverse toxicity was not observed during the treatment because the dose about CPT-11 was screened prior to administration since the diarrhea and hematological effects often appeared with usage of CPT-11 at a high dose. In summary, knockdown of PLK1 by RNA interference combined with CPT-11 to treat colorectal carcinoma is a feasible choice, since it is safe and efficient.
In conclusion, we demonstrated that knockdown of PLK1 by shRNA combination with low-dose CPT-11 increased apoptosis and inhibited proliferation during the treatment of SW620 tumor xenograft model. It is hoped that down-regulating PLK1 by shRNA for targeting therapy could combine other agents to treat more cancer types. 
